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ABSTRACT: Degradation models exhibit a non-linear behavior and the selection of a model to describe
the degradability depends on the coherence of the model with the involved biological events. The
purpose of this study is to evaluate the behavior of the parameters of the degradation model proposed
by Mertens & Loften, adjusted to the results of an in situ degradability trial. The experiment evaluated
the potential degradable residue of neutral detergent fiber (NDF) of coastcross grass (Cynodon
dactylon × Cynodon nlemfuensis) submitted to two cutting ages (30 and 90 days), with three replicates.
For each cutting age, the potentially degradable residue of NDF was studied using fifteen incubation
times (0; 0,5; 1; 3; 6; 9; 12; 18; 34; 35; 48; 56; 72; 96 e 120 hours). The experimental unit comprised one
non-lactating cow with a permanent ruminal fistula. Mean and individual adjustments were obtained
for the animals in three different configurations: inverse variance weight without autoregressive
errors; unweighted with autoregressive errors, and unweighted without autoregressive errors. Variances
of parameter estimators were also obtained by means of the mean parameter covariance matrix, providing
expressions for the estimation of the confidence age for the parameters of the model. A weighting of
the model by the inverse variance resulted in estimates statistically equal to zero for the colonization
time. The use of a structure of second order autoregressive errors improved the fit of the model of
Mertens & Loften, providing more precise estimates of the parameters.
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UM MODELO DE DEGRADABILIDADE in situ: HETEROGENEIDADE
DE VARIÂNCIAS E ERROS CORRELACIONADOS
RESUMO: Os modelos de degradação mostram um comportamento não-linear e a seleção de um
modelo para descrever a degradabilidade depende da coerência deste com os eventos biológicos.
Objetivou-se avaliar o comportamento dos parâmetros do modelo de degradação proposto por Mertens
& Loften ajustado aos resultados de um ensaio de degradabilidade in situ. O experimento avaliou o
resíduo potencialmente degradável da fibra em detergente neutro (FDN) da gramínea coast-cross
(Cynodon dactylon × Cynodon nlemfuensis) submetida a duas idades de corte (30 e 90 dias), com três
repetições. Em cada idade de corte, o resíduo potencialmente degradável da FDN foi estudado utilizando
quinze tempos de incubação (0; 0,5; 1; 3; 6; 9; 12; 18; 34; 35; 48; 56; 72; 96 e 120 horas). A unidade
experimental foi constituída por uma vaca não lactante, com fístula ruminal permanente. Foram obtidos
ajustes médios e individuais para os animais, em três diferentes configurações: ponderado pelo inverso
da variância sem erros auto-regressivos; não ponderado com erros auto-regressivos (AR) e não
ponderado sem erros auto-regressivos. Obtiveram-se também as variâncias dos estimadores dos
parâmetros por meio da matriz de covariâncias dos parâmetros, propondo-se expressões para a
estimação do intervalo de confiança para os parâmetros do modelo. A ponderação do modelo, pelo
inverso da variância, proporcionou estimativas estatisticamente iguais a zero para o tempo de colonização
das partículas. A consideração de uma estrutura de erros auto-regressivos de segunda ordem melhorou
o ajuste do modelo, promovendo estimativas mais precisas para os parâmetros.
Palavras-chave: degradabilidade ruminal, regressão não-linear, estimação de parâmetros, gramínea
coast-cross
INTRODUCTION
Waldo, in 1970, was the first to show that
degradation profiles were combinations of digestible
and indigestible materials and that the potentially
digestible fraction follows a first order kinetics
(Mertens, 1993). The neutral detergent fiber (NDF)
digestion exhibits a period in which effectively a
degradation of the component does not occur (Mertens,
1977). Mertens & Loften (1980) have suggested the
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inclusion of a parameter for the parameter estimates
of the first order model of Waldo et al. (1972) which
examines this period, for the degradability in situ and
in vitro of the NDF.
Several important statistical considerations,
normally not taken into account in the study of rumi-
nal degradation curves, are the heterogeneity the vari-
ance and the existence of autocorrelation between the
adjustment residues. If such aspects are ignored in the
adjustment process, respective to these facts, biased
estimates and an underestimation of the variances of
the parameters may result (Souza, 1998). In accor-
dance with Hoffman & Viera (1998), in the presence
of the heterogeneity of variance, the use of the
weighted least squares method is more adequate for
forming estimates that are unbiased and of minimum
variance; in addition, in the presence of variance het-
erogeneity and autocorrelation of the residues, the gen-
eralized least squares method is more efficient than the
weighted and ordinary least squares method.
In the case of the study of nonlinear models
that describe ruminal degradation, it is reasonable to
incorporate autocorrelation, seeing that the means of
degradation of the actual nutritional component of in-
terest are taken from one animal, and, therefore, prob-
ably correlated.
This research evaluates the behavior of the pa-
rameter estimate for the ruminal degradability model
proposed by Mertens & Loften (1980) and obtains ex-
pressions for the variance of its parameter estimators,
which takes into consideration an autoregressive er-
ror structure weighted for the inverse of variance, in
this manner, tests for the actual existence of biologi-
cally interpretable parameters in the model.
MATERIAL AND METHODS
To illustrate the methodology, this study makes
use of experimental data (Reis, 2000) related to the
potentially degradable residue of neutral detergent fi-
ber (NDF) of coastcross grain (Cynodon dactylon ×
Cynodon nlemfuensis) subjected to two different cut-
ting ages (30 and 90 days). For each cutting age, the
degradation profile was evaluated for fifteen incuba-
tion times (0; 0.5; 1; 3; 6; 9; 12; 18;  24; 36; 48; 56;
72; 96 and 120 hours), the experimental unit consist-
ing of a non-lactant cow with a permanent ruminant
fistula.
The model used to describe the potentially de-
gradable residue was that of Mertens & Loften (1980),
as shown by:








in which : R(t) is the residue after incubation in the ru-
men at time t (%); D is the degradable fraction (%); c
is the degradation rate (hours-1); t is the incubation time
(hours); I is the insoluble and non-degradable fraction
(%) and L is the colonization time or lag time (hours).
Parameter estimates for the individual curves
and parameter estimates for the mean curve were ob-
tained by means of: ordinary least squares (OLS),
when the residual structure does not violate any of the
presuppositions; weighted least squares (WLS), when
the assumption of homogeneity of variances was vio-
lated and generalized least squares (GLS) when the as-
sumption of residual independence was violated. In the
process of estimation of the parameters of the nonlin-
ear model, the solution for the systems of nonlinear
normal equations was obtained by the iterative Gauss-
Newton method.
In the case of weighted nonlinear models, the
“Weight” option of the proc model was employed, and,
in order to verify the presence of residual
autocorrelation, the macro %AR(y,p) was used, imple-
mented in the same module (SAS, 1995), together with
the analysis of correlograms. Only the animals that dis-
played autocorrelation of the first or second order and
when the weighting was necessary, were used in the
adjustments.
The estimates of the asymptotic covariance
matrix are presented by Draper & Smith (1998) in the
following form: ˆˆ( ) ( ' )V X X QMEθ = , in which; X is
the matrix of the partial derivatives of the model in re-
lation to the parameters, and QME is the residual mean
square. In this form the confidence age was defined
by the parameter θj as:
)ˆ(ˆˆ)( ),.( 2 jerrorgljj VtIC θθθ α±=
in which: ˆ jθ  is the estimate of the j-th parameter
of the model; ),.( 2αerrorglt  is the highest percentile 2α  of
the Student t-distribution for the degree of freedom of
the residue and 
( )ˆˆ jV θ
 is the estimate of the variance
of the estimate of the j-th parameter.
RESULTS AND DISCUSSION
The increase in incubation time of the samples
in the rumen is related to a decrease in the residual
variances of the degradation of NDF of the coast-cross
grass (Table 1). Vieira (1995) has shown that the model
of Mertens & Loften (1980), linearized by logarithmic
transformation, tends to present mean deviations that
approached zero for the first incubation time, with the
precision diminishing over greater times. A similar be-
havior was observed for grass cut at age of 90 days.
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1laminA 5279.0 8278.0 9622.0
2laminA 6201.0 0200.0 0400.0
3laminA 6258.0 7766.0 9950.0
tnemtsujAnaeM 0000.1 1829.0 1950.0
syad09
1laminA 9570.0 3511.0 2317.0
2laminA 1677.0 7035.0 5751.0
3laminA 7435.0 5674.0 9773.0
tnemtsujAnaeM 9488.0 4215.0 4312.0
Table 2 - The significance of the autocorrelation parameters for the individual and mean adjustments, for each cutting age,
taking into account the first and second order autoregressive error structure.
Table 1 - Mean observed values of potentially degradable NDF residue, in percentage, for each cutting age over the elapse
of incubation time and their respective variances, in squared percentage.
)ruoh(emiT syad03 ecnairaV syad09 ecnairaV
0 99.07 7651.674 29.27 5819.373
5.0 69.07 7667.674 68.27 0884.473
1 39.07 4914.674 08.27 8806.473
3 58.07 6042.774 64.27 1811.583
6 13.66 9498.104 19.17 2203.893
9 46.46 4212.283 85.96 8005.563
21 44.36 9317.153 29.56 0755.282
81 03.85 1167.223 22.06 5432.091
42 65.25 2551.991 68.75 7326.681
63 04.94 4298.391 88.94 5039.68
84 02.64 9850.881 65.64 2812.35
65 52.54 1914.991 70.54 9715.55
27 46.44 8018.712 32.34 5916.34
69 47.24 2846.632 95.04 2836.34




The relation between the greatest and the least
variance was 2.54 for grass harvested at 30 days and
does not display heterogeneity. For the grass cut at 90
days, the least variance is 9.13 times less than the
greatest variance, a relationship that is significant for
three experimental groups (three animals) and 14 de-
grees of freedom, with a significance level of 5%, ac-
cording to Hartley's maximum F-ratio (Pearson &
Hartley, 1970).
Studying growth curves of bovines, Mazzini
et al. (2005) and Silva et al. (2002), indicate that
weighting by inverse variance is a viable solution for
the occurrence of variance heterogeneity, yet it does
not solve the problem of residual autocorrelation, which
requires the use of procedures with an autoregressive
error structure. The ratio between the maximum and
minimum variance was used by Mazzini (2001) to
study growth curves of Hereford cattle. He indicates,
to the extent that the age of the animals increased, there
was an increment in the variances of the body weight,
this being also another pattern of heteroscedascity.
The autocorrelation parameters ( 1φ  e ) are
only significant when using a significance level of 5%,
for animal number 2, for the 30 day cutting age, ad-
justing, therefore, a structure of second order
autoregressive errors AR(2) (Table 2).
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When examining residual autocorrelation,
Mazzini (2001), Mazzini et al. (2003; 2005) studied the
growth curves of bovines by means of various func-
tions and found that, in relation to the fitting of the
mean curves, some functions did not fit an
autoregressive model of first or second order; how-
ever, when fitting individual curves, there were ani-
mals that displayed these error structures.
By means of a partial autocorrelation function
for the Mertens & Loften (1980) model without
weighting and without AR, it can be seen that the resi-
dues follow an autoregressive error structure AR2
(Figure 1). For this same configuration, adjusting the
same function and considering the error structure AR2,
it may be seen, by the function of the autocorrelation,
that the residues become independent (Figure 2).
The parameters of the degradation model pro-
posed by Mertens & Loften (1980) (Table 3) are esti-
mated without taking into consideration the weight and
structure of the correlated errors, for each animal as
well as for the mean. For the adjustment of the mean
curve, an increase was found in the value of the esti-
mate of the colonization time (parameter L) for a grass
cutting age of 90 days, probably because in plants of
an advanced age there is a loss of water and a strong
lignin complex with the components of the cellular
wall. For the digestion process to occur, the microor-
ganisms must penetrate the resistant barriers of the
surface of the food particles to reach their preferred
substrata, and the degree to which the microorganisms
fix themselves and penetrate these physical barriers,
reflects on the colonization time.
With regard to the values of the parameter es-
timates, Feitosa (1999), in comparing models in tests
of degradability in situ with coast-cross grass hay, ob-
served that the model of McDonald (1981), also cor-
rected for the colonization time, resulted in the same
estimates as the model of Mertens & Loften (1980).
McDonald (1981) gives values of 43.26% for the in-
soluble and nondegradable fraction; 4%.h-1 for the rate
of degradation (parameter c) and 2.45 hours for the
colonization time. This model was also used by Lira
(2000) to predict the degradation of NDF of brachiaria
grass (Brachiaria decumbens Stapf.) in two seasons
(dry and rainy), showing mean values of 51.32% for
the degradable fraction; 38.08% for the insoluble and
nondegradable fraction; 2.5% h-1 for the rate of deg-
radation and 7.64 hours for the colonization time in
the rainy season.
According to the significant values for the
autocorrelation estimates of the parameters (Table 2),
the model was adjusted only for animal 2, for the grass
cutting age of 30 days, with a second order
Table 3 - Estimate of the parameters for the unweighted model and without autoregressive error structure.
egAgnittuC
sretemaraP
D I C L
syaD03
1laminA 686.13 152.94 740.0 274.3
2laminA 898.22 620.32 420.0 699.1
3laminA 986.43 803.15 440.0 127.2
tnemtsujdanaeM 763.92 395.14 930.0 647.2
syaD09
1laminA 255.71 579.23 920.0 271.2
2laminA 880.83 942.64 540.0 100.7
3laminA 588.05 706.23 420.0 339.4
tnemtsujdanaeM 607.43 450.83 230.0 163.5
Figure 1 - Partial autocorrelation function adjusted for the
unweighted model without AR, for animal no. 2, with
a grass cutting age of thirty days.
Figure 2 - Autocorrelation function adjusted for the unweighted
model with AR (2), for animal no. 2, with a grass
cutting age of 30 days.
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autoregressive error structure AR(2). In Figure 3 it is
possible to observe the data adjustment to the model
of Mertens & Loften (1980), whether or not the sec-
ond order autoregressive error structure was used.
Values of the estimates of the parameters, in
considering the error structure AR(2), do not undergo
large changes (Table 4). The estimates of the variance
of the parameter estimate, obtained by the variance-
covariance matrix for this same configuration, shows
significant reduction in their values, resulting in con-
fidence ages of less amplitude and more precise pa-
rameter estimates. This methodology was also used by
Pereira et al. (2005) for the prediction of mineralized
nitrogen in latosols by means of nonlinear models. In
comparing confidence ages obtained by means of a
variance-covariance matrix of parameters, the author
also established lower estimates of parameter variance.
With the increase in incubation time of the
samples in the rumen, there was a decrease in the re-
sidual variances of NDF of the potential degradable resi-
dues of the coastcross grass for the cutting age of 90
days (Table 1). The parameter estimates for the Mertens
& Loften (1980) model are in Table 5, with and with-
out weighting, with the respective variance estimates
obtained for the parameter covariance matrix for each
animal and their mean. The adjustment of Mertens &
Loften (1980) model to the data, whether or not weight-
ing is used, can be seen in Figures 4 and 7, for each
one of the animals and their mean, respectively.
In the curve adjustment for animals 1 and 3
(Table 5), the values of parameter estimates referring
to the non-degradable fraction (parameter I), rate of
degradation (parameter c) and colonization time (pa-
rameter L) undergo reductions when weighting is in-
troduced into the model. For this last parameter, the
reduction together with the increase of the variance
estimate rise to nonsignificant, signifying that the po-
tentially degradable residue of NDF of coastcross grass
begins to undergo substantial losses as soon as incu-
sretemaraP
)2(RAtuohtiW )2(RAhtiW
IL 1 SL 1 IL 1 SL 1
D 898.22 874.0 573.12 124.42 107.22 570.0 990.22 403.32
I 620.32 593.0 346.12 904.42 322.32 540.0 757.22 886.32
C 420.0 0.3 × 01 6- 020.0 820.0 520.0 0.3 × 01 7- 320.0 620.0
L 699.1 366.0 402.0 887.3 459.1 521.0 771.1 137.2
--- --- --- --- 819.0- 640.0 983.1- 844.0-
--- --- --- --- 358.0- 350.0 853.1- 743.0-
Table 4 - Parameter estimate, estimate of the variance of the parameter estimate for the model, with and without AR(2) - (30
days - Animal 2), obtained by the covariance matrix of parameters and lower and upper limit of a 95% confidence
age.
1- LI(lower limit), LS (upper limit)
φ
2φ
)ˆ(ˆ θV)ˆ(ˆ θVθˆ θˆ
Figure 3 - Model of Mertens & Loften, with and without a second





























{ 22.701 23.223 0 1.954( ) 0.025( 1.954)22.701 23.223 1.954tR t te t+ < <= − − + >
{ 22.898 23.026 0 1.996( ) 0.024( 1.996)22.898 23.026 1.996tR t te t+ < <= − − + >
Figure 4 - Model of Mertens and Loften, with and without


































{ 17.552 32.975 0 2.172( ) 0.029( 2.172)17.552 32.975 2.172tR t te t+ < <= − − + >
Figure 5 - Model of Mertens and Loften, with and without

































NDF (non-weighted) { 38.088 46.249 0 7.001( ) 0.045( 7.001)38.088 46.249 7.001tR t te t+ < <= − − + >
{ 37.771 46.571 0 7.378( ) 0.049( 7.378)37.771 46.571 7.378tR t te t+ < <= − − + >
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Table 5 - Parameter estimate, variance estimate of the parameter estimates for the model, with and without weighting,
obtained by the parameter covariance matrix and the lower and upper limits of a 95% confidence level.
1-LI (lower limit), LS (upper limit), ns (nonsignificant)
sretemaraP
gnithgiewtuohtiW gnithgiewhtiW
IL 1 SL 1 IL 1 SL 1
1laminA
D 255.71 8631.0 837.61 663.81 665.71 3252.0 604.61 276.81
I 579.23 401.0 662.23 486.33 169.23 590.0 382.23 936.33
C 920.0 3.2 × 01 6- 520.0 230.0 820.0 9.2 × 01 6- 420.0 230.0
L 271.2 1133.0 609.0 834.3 849.1 sn 024.1 576.0- 175.4
2laminA
D 880.83 345.0 664.63 907.93 177.73 435.0 361.63 973.93
I 942.64 783.0 978.44 816.74 175.64 141.0 547.54 693.74
C 540.0 7.8 × 01 6- 930.0 250.0 940.0 6.6 × 01 6- 340.0 450.0
L 100.7 303.0 097.5 212.8 873.7 184.0 158.5 409.8
3laminA
D 588.05 953.6 888.23 525.63 273.25 907.21 181.23 201.73
I 706.23 785.5 354.63 456.93 081.13 414.7 985.63 256.93
C 420.0 2.8 × 01 6- 820.0 730.0 120.0 7.8 × 01 6- 720.0 730.0
L 339.4 195.1 751.2 907.7 319.2 sn 815.8 115.3- 733.9
naeM
tnemtsujdA
D 607.43 386.0 888.23 525.63 246.43 052.1 181.23 201.73
I 450.83 925.0 354.63 456.93 121.83 484.0 095.63 256.93
C 230.0 3.4 × 01 6- 820.0 730.0 230.0 7.5 × 01 6- 720.0 730.0
L 163.5 583.0 499.3 727.6 339.4 227.1 540.2 128.7
)ˆ(ˆ θV)ˆ(ˆ θVθˆ θˆ
bated in the rumen of these animals, that is, for an in-
cubation time equal to zero.
For the adjustment of the curve for animal 2
(Table 5), the inverse behavior was observed by means
of weighting, where the values of the parameters es-
timates referring to the non-degradable fraction (pa-
rameter I), rate of degradation (parameter c) and the
colonization time (parameter L) underwent increases,
while their variance estimates were lower, resulting in
confidence ages of less amplitude.
For the adjustment of the mean curve of the
animals, the values indicate that, only for the non-de-
gradable fraction (parameter I), the weighting resulted
in a lower variance estimate and, consequently, in a
confidence age of lower amplitude. For the other pa-
rameters of the model, when using weighting, there
was an increase in the variance estimates and ages with
greater amplitude.
CONCLUSIONS
The weighting of the model, for the inverse of
the variance, provides less precise estimates for the
colonization time, when the coastcross grass was pro-
cessed in advanced ages. The use of a second order
autoregressive error structure improved the adjust-
ments to the model of Mertens & Loften (1980), pro-
viding more precise estimates for the parameters.
Figure 6 - Model of Mertens and Loften, with and without
weighting, for animal no. 3.
Figure 7 - Model of Mertens and Loften, with and without





























































{ 34.642 38.121 0 4.933( ) 0.032( 4.933)34.642 38.121 4.933tR t te t+ < <= − − + >






{ 50.885 32.607 0 4.933( ) 0.024( 4.933)50.885 32.607 4.933tR t te t+ < <= − − + >
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